Escherichia coli single-stranded (ss)DNA binding (SSB) protein binds ssDNA in multiple binding modes and regulates many DNA processes via proteinprotein interactions. Here, we present direct evidence for fluctuations between the two major modes of SSB binding, (SSB) 35 and (SSB) 65 formed on (dT) 70 , with rates of interconversion on time scales that vary as much as 200-fold for a mere fourfold change in NaCl concentration. Such remarkable electrostatic effects allow only one of the two modes to be significantly populated outside a narrow range of salt concentration, providing a context for precise control of SSB function in cellular processes via SSB expression levels and interactions with other proteins. Deletion of the acidic C terminus of SSB, the site of binding of several proteins involved in DNA metabolism, does not affect the strong salt dependence, but shifts the equilibrium towards the highly cooperative (SSB) 35 mode, suggesting that interactions of proteins with the C terminus may regulate the binding mode transition and vice versa. Single molecule analysis further revealed a novel low abundance binding configuration and provides a direct demonstration that the SSB-ssDNA complex is a finely tuned assembly in dynamic equilibrium among several well-defined structural and functional states.
Introduction
The presence of extensive amounts of singlestranded DNA (ssDNA) in the cell is often a sign of trouble, as ssDNA is an obligate intermediate in recombination-mediated DNA repair. Singlestranded DNA binding (SSB) proteins are essential in all organisms and bind selectively to ssDNA independent of sequence. 1, 2 They also modulate the functions of many DNA processing enzymes either via protein-protein interactions or by controlling accessibility to ssDNA. [1] [2] [3] [4] [5] While it is now well established that SSB proteins can display a multiplicity of modes of interaction with DNA, 5, 6 the dynamic nature of the transitions among these modes is yet to be explored. We have therefore examined the dynamic interconversion among these SSB/DNA complexes at the single molecule level.
The Escherichia coli SSB protein forms a stable homotetramer, with each of its 19 kDa subunits possessing an oligonucleotide/oligosaccharide binding (OB) fold, 5, [7] [8] [9] hence the tetramer has four potential ssDNA binding sites. The SSB tetramer can bind long ssDNA in a variety of binding modes depending on solution conditions, especially salt concentration and type. 5, [10] [11] [12] [13] [14] At low monovalent salt concentrations (<10 mM NaCl) and high protein to DNA ratios, an SSB tetramer binds to ssDNA with high inter-tetramer cooperativity using only two out of four subunits on average, and occluding ∼35 nucleotides (nt) ((SSB) 35 mode). 15 However, at higher salt concentrations (>0.2 M NaCl), an SSB tetramer binds to ssDNA using all four subunits with approximately 65 nt wrapped around the tetramer to form the low cooperativity (SSB) 65 mode. 5, 8 A model for SSB bound to ssDNA in its (SSB) 65 binding mode has been suggested based on the X-ray crystallographic structure of a tetramer of Abbreviations used: SSB, single-stranded DNA binding; ssDNA, single-stranded DNA; FRET, fluorescence resonance energy transfer; PEG, poly-ethyleneglycol.
E-mail addresses of the corresponding authors: lohman@biochem.wustl.edu; tjha@uiuc.edu SSBc (a C-terminal truncation of 42 residues) bound to two molecules of (dC) 35 . 8 In this model, ∼65 nt of ssDNA interact with all four SSB subunits with a topology approximating the stitching around a baseball (Figure 1(a) ), hence the entry and exit sites of a ∼65 nt ssDNA are in close proximity. A more speculative structural model for the (SSB) 35 binding mode was also proposed as shown in Figure 1 (b). 8 The transition between these binding modes is reversible 13 but little information is currently available about the dynamics of interconversion between these binding modes.
Here, we use single molecule fluorescence resonance energy transfer (smFRET) techniques 16, 17 to examine directly the dynamics of the spontaneous structural changes between the two SSB-DNA binding modes using ssDNA that accommodates only one tetramer bound in the (SSB) 65 mode or two tetramers in the (SSB) 35 mode. The results agree well with stopped-flow ensemble studies and further reveal a new binding configuration that we term (SSB) 35b that can be formed from the (SSB) 35 mode via a major rearrangement of the protein-DNA complex without protein dissociation. Deletion of 42 amino acid residues from the C termini of SSB shifts the equilibrium to favor the (SSB) 35 mode, suggesting that interaction of SSB with other replication/recombination proteins via its C terminus can potentially be regulated by these binding modes and vice versa. 65 binding mode derived from the crystal structure of a chymotrypsin truncated SSB tetramer (missing 42 C-terminal residues) bound to two (dC) 35 oligonucleotides. 8 ssDNA (70 nucleotides; white tube) wraps around the SSB tetramer (subunits colored individually; C terminus not shown) binding to all four subunits. (b) Model of the (SSB) 35 binding mode. ∼35 nucleotides (white tube) are bound to approximately two subunits on average. 8 (a) and (b) were generated using PyMol. 54 
Results

DNA constructs for monitoring SSB binding mode transitions
For single molecule experiments, we used a surface-tethered partial duplex DNA labeled with a donor (Cy3) and an acceptor (Cy5) so that FRET between them reports on the conformations of the intervening 70 nt of ssDNA (Figure 1(c) , referred to hereafter as (dT) 70 ). While the DNA alone has low FRET due to a large time-averaged distance between the two fluorophores, 18 ssDNA wrapping around a SSB tetramer in the (SSB) 65 mode should result in very high FRET (Figure 1(d) ). 19 Upon binding two tetramers in the (SSB) 35 mode, an intermediate FRET signal is expected due to a lower degree of compaction ( Figure 1(e) ). To demonstrate this in bulk solution, we performed an equilibrium titration of Cy5-(T) 68 -Cy3-T-3′ (referred to as (dT) 68 ) with SSB at 80 mM NaCl. Figure 2 shows the results of a titration of (dT) 68 with SSB plotted as the normalized Cy5 fluorescence as a function of the ratio of the total [SSB] to total [(dT) 68 ]. Upon addition of SSB, the Cy5 fluorescence increases linearly up to a ratio of one SSB tetramer per (dT) 68 , indicating stoichiometric formation of the fully wrapped (SSB) 65 complex (1:1 molar complex) characterized by high FRET indicating that Cy3 and Cy5 are in close proximity. Upon further addition of SSB, there is a more gradual decrease in Cy5 fluorescence reflecting formation of the (SSB) 35 complex with two SSB tetramers bound and characterized by an intermediate FRET value. Binding of the first SSB tetramer occurs with very high affinity (stoichiometrically), whereas the apparent affinity of the second SSB tetramer is substantially lower. Although the second SSB tetramer binds with high cooperativity in the (SSB) 35 mode, this apparent negative cooperativity is due to the very high affinity of a single tetramer in the (SSB) 65 mode. 15 The binding isotherm in Figure 2 was fit well by a model in which the DNA can bind two SSB tetramers (see Supplementary Data) characterized by the two step-wise binding constants, k 1 = 5 × 10 10 M −1 and k 2 = (3.3 ± 0.6) × 10 7 M −1 , reflecting binding of the first and the second SSB tetramers to DNA. The data in Figure 2 show that the DNA binds two SSB tetramers at saturation, with each SSB bound in the (SSB) 35 binding mode.
Single molecule studies show a salt-dependent distribution of binding modes
We first tested whether the two major SSB binding modes can be detected as two distinct FRET states at the single molecule level (Figure 3(a) and (b) ). In the presence of 10 nM SSB tetramer, at low NaCl concentrations (<50 mM), we observed a single population with low apparent FRET efficiency (E app ∼ 0.2) calculated as the acceptor intensity divided by the total intensity. This low FRET species at 10 nM SSB is easily distinguishable from DNA alone (E app ∼ 0.1) and from the donor only population (E app ∼ 0) (FRET histograms in Figure 3(a) ). Upon increasing the [NaCl], the low FRET species disappeared concomitantly with the increase of a high FRET species (E app ∼ 0.75). Since higher salt concentrations favor the (SSB) 65 mode, 13 we tentatively assigned the high and low FRET states to the (SSB) 65 and (SSB) 35 modes, respectively.
We evaluated whether the high FRET values that we observe are consistent with the expectations based on the model of the (SSB) 65 complex inferred from the SSB-DNA crystal structure. 8 The apparent FRET efficiency, E app , should provide a good measure of the true FRET efficiency because the correction factor, γ, which accounts for the differences in quantum yield and detection efficiency between the donor and the acceptor is 1.03 ± 0.02 (details in Materials and Methods) for NaCl concentrations ranging from 100 mM to 500 mM. 20 FRET values increased from 0.73 at 100 mM NaCl to 0.80 at 500 mM NaCl (Figure 3(a) ), probably reflecting some compaction of the extra bases not in contact with the protein at the higher salt concentrations. 18 Based on a R 0 value of 60 Å for the Cy3-Cy5 FRET pair, 18 the calculated inter-dye distance for the high FRET state is 47-51 Å. From the structure-based model of a (dT) 70 bound to an SSBc tetramer, we estimate an average distance between the first and seventieth base to be 33 Å. This agreement is reasonably good considering that the Results of an equilibrium titration of Cy5-(T) 68 -Cy3-T-3′ (0.1 μM) with SSB (buffer T, 80 mM NaCl, 25°C) plotted as normalized Cy5 fluorescence (F n = (F-F 0 )/F 0 ) versus ratio of total protein to DNA concentrations (where F 0 is fluorescence intensity of DNA alone and F is the fluorescence measured at each point in the titration). The biphasic character of the binding isotherm indicates that two types of complexes can form, the first having one and the second having two tetramers bound and characterized by high and intermediate FRET values ((SSB) 65 and (SSB) 35 , respectively), respectively. The continuous line represents the best fit to the data with k 1 = 5 × 10 10 M −1 (minimum estimate) and k 2 = (3.3 ± 0.6) × 10 7 M −1 and two additional parameters F 1 = 7.1 ± 0.1 and F 2 = 2.7 ± 0.1, reflecting the maximum Cy5 fluorescence observed for one and two tetramers bound, respectively. dyes on the (dT) 70 in the single molecule experiments are placed on two different strands of the partial duplex via flexible linkers, and suggests that DNA wrapping in the (SSB) 65 mode indeed induces the DNA ends to come together as inferred from the crystal structure.
The midpoint of the NaCl-induced transition between the low and high FRET states ranged from 80-130 mM NaCl for the SSB concentrations (10-200 nM) used here. We also observed a transition from the low to high FRET state induced by increasing [MgCl 2 ], with a midpoint of ∼2 mM MgCl 2 at 10 nM SSB (Supplementary Data Figure S1 ). Previous ensemble studies of SSB binding to poly (dT) reported midpoints of ∼20 mM NaCl (or 0.06 mM MgCl 2 ) and ∼160 mM NaCl (or 64 mM Figure 3 (legend on next page) MgCl 2 ) for the (SSB) 35 →(SSB) 56 and (SSB) 56 →(SSB) 65 transitions, respectively. 5, 10, 11 Direct comparison of these midpoints is difficult because the (SSB) 56 mode is presumably only formed on long ssDNA, such as poly(dT), and appears to be absent in our experiments with (dT) 70 . However, the salt concentration ranges over which the binding mode transitions occur are in general agreement, suggesting that the smFRET measurements of DNA tethered on a surface recapitulate the major features of SSB-DNA complexes in bulk solution.
Figure 3(b) shows representative time traces of the donor and acceptor intensities and E app from a single DNA-SSB complex which exhibits clear fluctuations between discrete states with, E app ∼ 0.2 and 0.75 (100 mM NaCl, 10 nM SSB). Similar twostate transitions were observed for a range of SSB and NaCl concentrations indicating the clear existence of two distinct SSB-(dT) 70 binding modes, which interconvert on a time scale ranging from sub-seconds to a minute as we discuss below.
Effects of SSB concentration
Previous ensemble studies 15 have shown a SSB concentration-dependent transition from a state with one SSB tetramer bound to (dA) 70 ((SSB) 65 mode) to a state with two tetramers bound to (dA) 70 ((SSB) 35 mode). An ensemble titration of (dT) 68 with SSB at 80 mM NaCl also shows this transition ( Figure 2 ). Therefore, to further test our FRET state assignments in the single molecule experiments with (dT) 70 , we examined the effect of SSB concentration at three NaCl concentrations. At 500 mM NaCl, a single FRET population in the high FRET state (E app ∼ 0.75) was observed at all protein concentrations (10 pM-100 nM) (data not shown). SSB binding was very tight such that even at 100 pM SSB, we did not observe unliganded ssDNA (that could be detected as molecules with E app ∼ 0.1). At 100 mM NaCl, the high FRET state (E app ∼ 0.73) of (dT) 70 was first formed at low SSB concentrations, followed by a population shift to the low FRET state (∼0.2) at higher SSB concentrations (Figure 3(c) ), indicating that the low FRET state of (dT) 70 has more SSB bound. This is consistent with our assignment that the high and low FRET states have one and two tetramers bound, respectively.
Even at the lowest NaCl concentration examined (10 mM), which favors the (SSB) 35 mode, we first observe binding of a single tetramer (at 100 pM SSB), followed by binding of a second SSB tetramer resulting in formation of a low FRET state as the SSB concentration is increased (Figure 3(d) ). The single tetramer-(dT) 70 complex formed at 10 mM NaCl displays E app ∼ 0.6, which is significantly lower than the values observed at higher salts (100 and 500 mM NaCl). We suggest that this reduction in FRET at 10 mM NaCl may reflect the possibility that a fully wrapped (SSB) 65 complex is in dynamic equilibrium with partially unwrapped forms due to the significant negative cooperativity for ssDNA binding to the third and fourth SSB subunits that occurs at low [NaCl] . [21] [22] [23] Our preliminary investigations indicate that similar complexes formed at low [NaCl] are indeed undergoing fast fluctuations (DNA unwrapping and rewrapping) that are fully averaged during the FRET histogram binning time (300 ms) used here (R. R., unpublished data). ) and is due to a short-lived species we term (SSB) 35b as will be discussed later. The slow component has a lifetime that is inversely proportional to [SSB] and therefore its inverse represents the observed rate constant for the (SSB) 65 →(SSB) 35 transition, k 65→35,obs,sm , which involves binding of an additional SSB tetramer. The observed rate constants at higher salt concentrations (NaCl > 100 mM) were determined from single (Table 1) . Dwell times for the low FRET state were well described by single exponential fits and yielded the observed rate k low→high. We obtained the actual rate constant for the (SSB) 35 →(SSB) 65 transition (k 35→65,obs,sm ) by correcting for the contributions from the alternative path of depopulating (SSB) 35 to form (SSB) 35b (see Materials and Methods). Remarkably, k 35→65,obs,sm increased 200-fold for a mere fourfold increase in [NaCl] (Figure 4(e) ). The value of k 35→65,obs,sm does not depend on SSB concentration as expected for a dissociation reaction Figure 5(b) ). and the average value of k 35→65,sm , is shown in Table  1 . This represents the first determination of the kinetic parameters for this SSB binding mode transition.
Single molecule transition rates
Stopped-flow studies of the (SSB) 35 -(SSB) 65 binding mode transition initiated by salt-jumps
To compare with the single molecule studies, we also performed stopped-flow kinetic studies of the transition between the (SSB) 35 and (SSB) 65 modes in bulk solution (buffer T, pH 8.1, 25°C). The (SSB) 35 complex was pre-formed at low salt concentration (no added NaCl with SSB in molar excess over (dT) 68 ) and the transition to the (SSB) 65 mode was initiated by the addition of buffer containing a series of higher [NaCl] . Example time-courses (20 nM Cy5 (T) 68 Cy3-T and 40 nM SSB) are shown in Figure 5 (a) and are all well described by a single exponential increase in Cy5 fluorescence yielding observed rate constants, k sf,obs . Figure 5 (b) shows a plot of logk sf,obs versus log [NaCl] determined for a variety of SSB to ssDNA concentration ratios indicating that k sf,obs is very sensitive to [NaCl] . For example, for the starting concentrations used for the time-courses shown in Figure 5 (a), k sf,obs increases by almost 5000-fold (light green line in Figure 5 The value of k sf,obs is independent of SSB concentration at high salt (above 0.15 M NaCl) but displays a linear dependence on [SSB] at lower salt concentrations ( Figure 5(c) ). The slopes of the plots in Figure 5 (c) decrease with increasing [NaCl], whereas the intercepts increase (also tabulated in Table 1 ). A simple one-step kinetic mechanism, as shown in the inset to Figure 5(a) , can explain the data, where k 35→65,sf and k 65→35,sf are the rate constants for the (SSB) 35 →(SSB) 65 and (SSB) 65 →(SSB) 35 transitions, respectively. Based on this mechanism, the observed rate, k sf,obs , is given by equation (1):
Therefore, the individual rate constants, k 35→65,sf and k 65→35,sf can be obtained from the intercept and slope of the linear dependences of k sf,obs on [SSB] shown in Figure 5 (c) ( Table 1) . It is clear from Figure 5 (b) and (c) that the first term in equation (1) 35 transition are also comparable. For example, k 65→35,sm , which varies by a factor of ten upon increasing the [NaCl] from 50 mM to 200 mM was only 1.5-3-fold higher than k 65→35,sf . This small difference may be due to the fact that the ssDNA used in the single molecule studies is longer, by two nucleotides, than that used in the stopped-flow studies, which should facilitate the binding of the second tetramer (each with an occluded site size of ∼35 nt). A similar enhancement (∼twofold) in rate is observed for SSB binding to (dT) 68 versus (dT) 66 in stopped-flow measurements (A. G. K., unpublished results).
C-terminal truncated SSB and electrostatic effects
The C terminus of E. coli SSB protein is highly acidic, 2,24 a feature shared by many other SSB proteins, such as phage T4 gene 32 protein (gp32) 25, 26 and phage T7 gene 2.5 protein (gp2.5). 1,27,28 The Table 1 ). For [NaCl] ≥ 0.2 M k sf,obs is independent of [SSB] (see Table 1 ).
C-terminal domain of T4 gp32 has previously been shown to modulate DNA binding via a saltdependent structural rearrangement. 25, 26, 29, 30 Both for E. coli SSB 2,5,31-35 and the T7 gp2.5, 28,36,37 the C-terminal domain is the site for interactions with other proteins involved in DNA processing. Since the DNA wrapping topology (Figure 1(a) ) was derived from a crystal structure of ssDNA bound to a 42 amino acid residue C-terminal truncation of SSB (termed SSBc) 8 and the DNA was very poorly resolved in a crystal structure of the full length SSB, 38 we examined the binding mode transitions for ssDNA binding to SSBc, to determine whether deletion of the C termini influences the saltdependent dynamics of these complexes. Importantly, deletion of the 42 amino acid residues from each SSB subunit does not affect either the stability of the SSB tetramer or its high salt occluded site size (A. G. K., unpublished experiments).
Upon performing single molecule FRET experiments with the SSBc tetramer, we still observed transitions between two FRET states with identical FRET values as observed for the full length SSB tetramer except that the equilibrium is shifted in favor of the (SSBc) 35 mode (data not shown). Only the lowest salt concentration tested (100 mM NaCl) displayed any bi-exponential behavior in the high FRET state dwell time distribution, and for that case the slower component was used to estimate the rate constant for the (SSBc) 65 →(SSBc) 35 transition. Both the forward and reverse rate constants had similar dependences on NaCl concentration as was observed for full length SSB (Figure 6(a)-(c) ). However, there is a twofold decrease in the rate for the (SSBc) 35 →(SSBc) 65 transition and a ∼twofold increase in the bimolecular rate constant for the (SSBc) 65 →(SSBc) 35 transition compared to full length SSB (Tables 1 and 2 ). The net result is a fourfold change in the equilibrium constant for the transition, K 65→35 ≡ k 65→35,sm /k 35→65,sm (Figure 6(d) ), indicating that deletion of the C termini favors the (SSB) 35 mode.
From the slope of a plot of log(K 65→35 ) versus log [NaCl], one can estimate the net number of ions (Na + + Cl − ) released or absorbed in the transition from the (SSB) 65 to the (SSB) 35 modes. 11 Such plots are shown in Figure 6 (d) for both the SSB and SSBc binding mode transitions. In each case, the log-log slopes are negative, with slopes of −6.3 ± 0.2 and −6.0 ± 0.5 for SSB and SSBc, indicating a net release of ∼six ions upon binding the second SSB tetramer to form the (SSB) 35 mode. Overall, the results suggest that the DNA wrapping topology deduced from the ssDNA-SSBc structures is likely to be the same for SSBc and the full length protein. However, the C terminus does exert a significant influence on the equilibrium between the two binding modes. Since the C terminus of SSB is the region involved in interactions with other accessory proteins, it is possible that the binding of these proteins to the C terminus could alter either the equilibrium and/or dynamics of the transition between the SSB binding modes.
(SSB) 35b , a novel (SSB) 35 
complex
The results presented above indicate evidence for two distinct SSB-DNA species that co-exist within the high FRET state, but that have markedly different lifetimes. We assigned the longer-lived species to the (SSB) 65 mode and the shorter-lived species to a new binding configuration termed (SSB) 35b , since it exhibits the same stoichiometry as in the (SSB) 35 mode. The rate constant for the transition from the (SSB) 35b to the (SSB) 35 mode, k 35b→35 , was observed to be independent of [SSB] (open squares in Figure 7 (a)) and only slightly dependent on [NaCl] . The rate constant for the reverse step, k 35→35b , calculated as described in Materials and Methods (open circles in Figure 7(a) ), is independent of [NaCl] and nearly 100-fold smaller in magnitude than k 35b→35 .
We hypothesize that (SSB) 35b represents a new configuration of SSB binding to ssDNA consisting of two tetramers bound per (dT) 70 as in (SSB) 35 , but which differs in that the two ends of (dT) 70 are in much closer proximity. If this is the case, the (SSB) 35b complex should be able to be formed directly from the (SSB) 35 mode without any change in the extent of SSB binding to the ssDNA (Figure 7(b) ). Indeed, when we form the (SSB) 35 mode at low [NaCl] and remove free SSB from solution, an isolated complex in the (SSB) 35 mode displays transient excursions to the high FRET state (Figure 7(c) ).
Next, we compared the kinetic rate constants for the transition between the (SSB) 35b and (SSB) 35 modes determined from the two sets of experiments described above. The values of k 35b→35 obtained from analysis of the time-dependent fluctuations in the isolated (SSB) 35 complexes display only a moderate salt dependence over the range from 1 mM to 25 mM NaCl (Figure 7(a), filled black  squares) . These values approach the values of k 35b→35 determined from the fast phase of the biexponential decay in the presence of free SSB in the range from 50-100 mM NaCl (Figure 7(a) , open squares). Furthermore, the values of k 35→35b , calculated from analysis of the isolated (SSB) 35 complexes (filled circles in Figure 7(a) ) were similar to the values of k 35→35b estimated at higher salt concentrations in the presence of free SSB (open circles in Figure 7(a) ).
Using these rate constants, we estimated the equilibrium population of (SSB) 35b for the range of solution conditions in this study (details in Materials and Methods). Figure 7(d) shows the relative population of (SSB) 35b within the high FRET state that increases with increasing protein concentration and decreasing [NaCl] . However, the fraction of (SSB) 35b in the total population of SSB-DNA complexes at equilibrium is less than 2% under all solution conditions examined (Figure 7(d) inset) .
On the basis of the arguments presented above, we use the kinetic scheme depicted in Figure 7 (b) to describe the transitions among these three conformations. The (SSB) 35 binding mode with two SSB tetramers bound per (dT) 70 can undergo transitions either to the (SSB) 65 mode upon dissociation of one tetramer or to the (SSB) 35b configuration via a conformational rearrangement without SSB dissociation. Although the kinetic scheme in Figure 7 (b) indicates a direct pathway for interconversion between the two high FRET binding modes, (SSB) 65 and (SSB) 35b (broken arrows in Figure 7(b) ), the rate constants indicate that the preferred pathway for this interconversion would proceed through the (SSB) 35 binding mode.
Discussion
In this study, we have used single molecule and stopped-flow FRET methods to determine, for the first time, the dynamics of the spontaneous transitions between the major SSB/DNA binding modes. Importantly, our single molecule data show in a most direct way that SSB binds to ssDNA in welldefined structural states that reflect these different binding modes that may regulate the functional activity of SSB in vivo. 5 The experiments described here lay the foundation for further single molecule investigations of the central role of this key protein in DNA replication and recombination processes.
Kinetic analysis of single molecule FRET data revealed evidence that three distinct complexes can form on a 70 nt ssDNA: (SSB) 35 with two SSB tetramers, (SSB) 65 with one tetramer, and (SSB) 35b , a newly uncovered minority species with two tetramers bound. Furthermore, we have established the reaction pathways connecting these species ( Figure  7(b) ). The rate constants of the transitions between the (SSB) 35 and (SSB) 65 modes are extremely sensitive to salt concentration. For example, k 65→35 decreases 10-16-fold with a fourfold increase in [NaCl] (from 50 mM to 200 mM). Even more remarkably, k 35→65 varies by 200-fold over the same range of salt concentration. As a consequence, outside of a narrow range of salt concentrations, only one or the other of the two modes is populated significantly. We have not performed a kinetic analysis as a function of Mg 2+ , but equilibrium data ( Figure S1 ) suggest that a similar dichotomy holds for Mg 2+ around its physiologically relevant concentrations (which most likely lies close to the higher end of the reported range of 6 μM to 10 mM [39] [40] [41] ). In fact, the 35 to 56 transition can also be induced at micromolar concentrations of the polyamine, spermidine. 42 Therefore, charged species present in the cell or a change in the expression level of SSB can easily shift the delicate balance between the two modes, providing the possibility for significant regulatory consequences.
We observe that the (SSB) 35 complex can also undergo a conformational transformation to form a previously undetected, low abundance ternary complex (2SSB: DNA), which we term (SSB) 35b . This minor complex was revealed only through kinetic analysis of the single molecule data and is not populated sufficiently to be detected in ensemble experiments. Extremely fast dynamics of DNA wrapping/unwrapping occurring in the microsecond time scale have been observed within the (SSB) 65 complex. 43 In the (SSB) 65 complex, SSB contacts ssDNA via all four subunits and therefore )). This is a minor species in the population except at low salt (50 mM) and high protein concentrations (>40 nM SSB). Inset: Fraction of (SSB) 35b in the total equilibrium population is always < 2%. Colors for SSB concentrations are same as in main panel.
should be capable of remaining bound to DNA even if a long segment of the DNA is unraveled. Here, we provide evidence that the (SSB) 35 binding conformation is also dynamically capable of sampling alternate topologies without protein dissociation, even though the SSB is bound to ∼35 nt using only two subunits. These results suggest that small scale DNA wrapping/unwrapping dynamics might occur in this mode with implications for how SSB tetramers might undergo direct transfer between single strands of DNA. 44 Deletion of the negatively charged C terminus of SSB shifts the equilibrium constant for the (SSB) 65 to (SSB) 35 transition by a factor of four in favor of the (SSB) 35 mode. This raises the possibility that the binding of SSB to replication/recombination proteins, such as the χ subunit of DNA polymerase III, 34, 45 exonuclease I, 31 PriA 33 and RecO, 46 which occurs primarily via the C terminus of SSB may also influence the equilibrium between SSB-ssDNA binding modes. The (SSB) 35 mode has been proposed to function during DNA replication by virtue of its high cooperativity, 5, 14 and our observation with SSBc suggests the interesting possibility that binding of the χ subunit of DNA polymerase III holoenzyme to the C terminus of SSB 35 may stabilize the (SSB) 35 mode and induce the formation of long SSB clusters. More generally, other proteins may modulate SSB function by controlling its DNA binding mode. Future studies will test this model of reciprocity where the DNA binding mode of SSB is influenced by its interaction with other proteins via the C terminus and vice versa.
The existence of DNA binding proteins that can bind in multiple, salt-dependent binding modes is more prevalent than generally thought. In fact, any DNA binding protein possessing multiple DNA binding sites has the potential for binding DNA in multiple binding modes. Such salt-dependent binding mode transitions have been observed for ssDNA binding of yeast RPA (replication protein A, the eukaryotic SSB protein, which possesses four-five OB-folds), 6 as well as for hnRNP (heterogeneous nuclear ribonucleoprotein) binding to pre-mRNA. 47 The strong dependence of the stabilities and rates of interconversion between the SSB-ssDNA binding modes on salt and SSB concentration emphasizes the need to consider explicitly the different properties of its different binding modes 5, 11, 14 when interpreting experiments that include SSB as a component.
Materials and Methods
Oligodeoxyribonucleotides and SSB proteins
For single molecule experiments, a partial duplex with a 71 base long ssDNA 3′ tail was generated by annealing strands 5′-Cy5-GCCTCGCTGCCGTCGCCA-Biotin-3′ and 5′-TGGCGACGGCAGCGAGGC(T) 70 -Cy3-T-3′ so that the FRET (Cy3-Cy5) pairs are 70 bases apart ((dT) 70 ). Stopped-flow studies and equilibrium titrations were done with 5′-Cy5-(T) 68 -Cy3-T-3′ with concentration determined as described earlier. 19 The oligodeoxynucleotides were synthesized using standard β-cyanoethyl phosphoramidite chemistry using an ABI model 391 automated DNA synthesizer (Applied Biosystems, Foster City, CA). Biotin was incorporated using BiotinTEG CPG (all modification reagents were from Glen Research, Sterling, VA). E. coli SSB and SSBc proteins (>99% homogeneity) were purified and concentrations determined spectrophotometrically as described. 48 Single-molecule TIR spectroscopy and analysis All single molecule measurements were performed at 23(±1)°C in 10 mM Tris (pH 8.0), 0.1 mM Na 3 EDTA, 0.1 mg/ml BSA (NEB, Ipswich, MA), oxygen scavenging system 49, 50 (0.5% (w/v) glucose, 1.5 mM Trolox, 51 165 units/ml glucose oxidase and 2170 units/ml catalase (Roche, Indianapolis, IN)) and indicated amounts of NaCl and SSB. Trolox concentration was determined spectrophotometrically using an extinction coefficient ε 290 = 2350(±100) M −1 cm −1 . A wide-field prism-type total internal reflection (TIR) microscope (IX 70, Olympus) was used to image single immobilized (<50 pM) DNA on NeutrAvidin (Pierce, Rockford, IL) treated biotin-PEG (PEG MW 5000, Nektar Therapeutics, Huntsville, AL) quartz surface.
50 Donor (Cy3) was excited with an Nd:YAG laser (532 nm, 50 mW; Reno, NV). Donor and acceptor (Cy5) fluorescence was collected using water immersion objective (60X, 1.2 numerical aperture, Olympus). Laser scatter was rejected using a long pass filter at 550 nm (Chroma, Rockingham, VT). Cy3 and Cy5 fluorescence was split using a dichroic mirror at 630 nm (Chroma) and imaged side by side on an electron multiplying charge coupled device (CCD) camera (iXon DV 887-BI, Andor Technology, CT). Mapping calibration between the donor and acceptor channels is achieved with the help of immobilized fluorescent beads (0.2 μm, 540/560 nm, Molecular Probes). Fluorescence data as successive frames of images were acquired with custom Visual C++ (Microsoft) routines and IDL (Research Systems Inc.) programs were used to obtain donor and acceptor intensity time traces with 30 ms integration time.
After correcting for the leakage and background in both channels, apparent FRET efficiency was calculated as E app = I A /(I A + I D ), where I A and I D represent acceptor and donor intensity, respectively. Single-molecule FRET histograms were generated by averaging for 300 ms. Gamma correction factor, γ was calculated by estimating the ratio of change in the acceptor intensity, ΔI A to change in the donor intensity, ΔI D after acceptor photobleaching (γ = ΔI A /ΔI D ). 20 Gamma factor calculated (>50 molecules) was binned and fitted to a gaussian to yield the representative gamma factor for each solution condition (data not shown). Dwell times in each of the FRET states were estimated from time traces (having at least ten turnovers; 60-120 s long) using custom MATLAB (Mathworks) routines using a "thresholding" criterion. 52 Histograms of dwell times in each of the FRET states were integrated and fitted to single or bi-exponential decay functions to obtain the average lifetimes and respective amplitudes. Rate constants were estimated as the inverse of the lifetimes. For rate constants ≤ 0.1 s −1 , time traces from multiple molecules were concatenated for dwell time analysis to prevent underestimation of the dwell times.
In the presence of two high FRET states ((SSB) 65 and (SSB) 35b ), the observed rate for the transition from the low to the high FRET state (k low→high , obtained as the inverse of low FRET lifetime) reflects the weighted sum of k 35→65,obs,sm (the observed rate constant for (SSB) 35 
Stopped-flow kinetics and equilibrium fluorescence titrations
Stopped-flow data were acquired using an SX.18MV stopped-flow instrument (Applied Photophysics Ltd, Leatherhead, UK) as described. 19 Cy3 was excited at 515 nm and sensitized Cy5 emission was collected using a 665 nm long pass filter. Reactant solutions were prepared on ice and pre-incubated at 25°C for 5 min prior to mixing. All kinetic time-courses used here represent an average of six to ten individual traces that were fitted to single exponentials. Fluorescence titrations were performed using a QM-4 spectrofluorometer (Photon Technology International, Lawrenceville, NJ) exciting Cy3 donor (515 nm) and monitoring sensitized emission from Cy5 acceptor at 664 nm applying all corrections as described. 53 All measurements were carried out in buffer T (10 mM Tris (pH 8.1), 0.1 mM Na 3 EDTA) at 25(±0.1)°C. All chemicals were reagent grade and from Sigma-Aldrich (St. Louis, MO), if not stated otherwise.
